ABSTRACT
INTRODUCTION
Integral membrane proteins have important functions in solute transport across membranes (ion channels, pumps, coupled transporters, facilitators), signal perception and transduction (receptors), and localized metabolic and biosynthetic activities in cells. However, membrane proteins also provide well-known challenges for determination of function and detailed structure. The availability of all predicted protein sequences for entire genomes allows approaches designed to experimentally determine the function of each protein. These approaches require the identification of target proteins for analysis. For membrane proteins, a combination of structural prediction and sequence homology can be used to generate clusters of sequences with functional similarity (Andre, 1995; Nelissen et al., 1997) . The completion of the sequence of the genome of Arabidopsis thaliana provides the first opportunity to analyze the complete set of membrane protein sequences from a plant. Plants have a unique photoautotrophic lifestyle and therefore could be expected to have many unique membrane proteins. While it is known that plants contain many membrane proteins similar in sequence and function to those of other organisms such as bacteria, fungi and animals, the results presented here indicate that plants also contain a vast array of unique membrane proteins that provide a wealth of opportunities for functional analyses.
ALGORITHMS

Prediction of membrane spanning domains
Transmembrane span prediction was implemented using the HMMTOP program of Tusnády and Simon (1998) and default parameters. Sequences with two or more predicted TMS were selected for pair-wise alignment. The results from HMMTOP for each sequence were overlaid on hydropathy plots generated by the method of Kyte and Doolittle (1982) with a window of nine amino acids and are presented at http://www.biosci.cbs.umn.edu/ arabidopsis.
Pair-wise alignment
A dynamic programming method (Needleman and Wunsch, 1970 ) was used to generate a similarity matrix for all pairs of 4589 selected membrane protein sequences. The full length of each sequence was compared and the BLO-SUM62 scoring matrix (Henikoff and Henikoff, 1992) was used to assign a value to each amino acid pair. A spacereduction method (Myers and Miller, 1988) was used. A constant gap penalty of −3 was applied and the highest scoring local alignment value was saved in a similarity matrix of size N (N + 1)/2 (where N = 4589) that included a score for each sequence aligned with itself.
Sequence clustering
The sequence similarity matrix was used to cluster sequences into families. A score for each sequence aligned with itself was used as a reference. A cutoff of 25% of the self-aligned score was used to determine inclusion into a family. A list of similar sequences was collected for each sequence and families were selected using a recursive single linkage clustering algorithm (Enright and Ouzounis, 2000) . This method results in the assignment of sequences to only one family. The similarity of one sequence with two or more families causes merger of the families. Therefore, not all sequence pairs within each family fall within the cutoff of 25% of the self-aligned score.
IMPLEMENTATION
A file in FASTA format containing all predicted protein sequences from the A.thaliana genome was obtained on January 15, 2001 from The Institute for Genomics Research (TIGR) at the web site: ftp://ftp.tigr.org/pub/data/ a thaliana/ath1/PUBLICATION RELEASE/GENOME/. Selection of protein sequences containing transmembrane spans was performed using the C program HMMTOP (Tusnády and Simon, 1988) . Protein sequences with two or more predicted TMS were stored in a FASTA file and hydropathy plots for each were generated using a Perl program called TMS3. A program in C (bl64.c) was used to perform pairwise alignments of each selected protein sequence. A score for each pair was stored in a similarity matrix. A Perl program called clustifier.mem was used to read the matrix and extract lists of sequences with similarity scores above the cutoff of 25% of the selfaligned score. A Perl program called Cfoo3 performed the recursive clustering and generated the HTML pages. Multiple alignments for each family were generated using ClustalW (Thompson et al., 1994) . The sequences for each family are displayed in HTML format with hydropathy plots for each predicted membrane protein and multiple alignments for each family (available at the web site: http://www.biosci.cbs.umn.edu/arabidopsis).
RESULTS AND DISCUSSION
The primary goal of this project was to identify families of polytopic membrane proteins from Arabidopsis for which no functional information is available either directly or (Nilsson et al., 2000) and it is interesting to note that HMMTOP predicts that Saccharomyces cerevisiae encodes 760 proteins with four or more TMS compared to the previous estimate of 450 (Paulsen et al., 1998) . The genomes of A.thaliana, Drosophila melanogaster and S.cerevisiae were predicted to contain a similar percentage of membrane proteins (Table 1) . However, the genome of Caenorhabditis elegans contains a higher percentage of proteins with two or more predicted TMS. In particular, C.elegans contains a large number of proteins with seven predicted TMS (Table 2 ; 11% of all membrane proteins) with the majority corresponding to G protein-coupled receptors (data not shown). In contrast, the Arabidopsis genome encodes only one G protein-coupled receptor homolog (At1g48270). Also of interest is the high number of proteins in all species containing 12 predicted TMS, the majority of these correspond to MFS (Major Facilitator Superfamily; Saier et al., 1999) members. Arabidopsis also contains a larger percentage of membrane proteins with 10 predicted TMS than other species (Table 2) due, in part, to a large number of P-type ATPase homologs. The 4589 protein sequences selected from Arabidopsis were clustered into 628 families representing 70% of the sequences. This indicates that a low percentage (30%) of membrane proteins exist as unique sequences in the Arabidopsis genome. This is consistent with the finding that two-thirds of the Arabidopsis genome has been duplicated (Paterson et al., 2000) . Two hundred and eleven families (1764 sequences) either contained proteins of known function or showed homology to proteins of known function in other species. This represents 38% of the membrane protein sequences. The number of proteins identified as members of broad functional categories is 5  20  0  1  1  2  21  0  0  3  2  22  0  0  3  0  23  0  0  1  3  24  2  0  2  1  25  0  1  1  1  26  1  0  27  0  0  28  0  1  29  0  0  30  2  0  31  0  0  32  1  0  33  0  0  34  0  0  35  0  0  36  0  0  37  0  0  38  0  0  39  0  1  40  0  41  0  42  0  43  1 presented in Table 3 . Overall, the Arabidopsis genome encodes a 2.8-fold greater number of proteins than S.cerevisiae, and this ratio also is true for most classes of membrane proteins. For example, while 22 transporters of the ATP-binding cassette (ABC) superfamily were found in yeast (Paulsen et al., 1998) , 95 were identified in Arabidopsis (Table 3) . Similarly, while 16 P-type ATPases were found in yeast (Paulsen et al., 1998) , 46 were found in Arabidopsis and these clustered into six Paulsen et al., 1998) . The same is true for chloride channels of the CLC family (seven in Arabidopsis and one in yeast). Functional information, either direct evidence or homology with proteins of known function, is not available for 2781 (60%) of the Arabidopsis membrane protein sequences. Of these, 1444 clustered into 411 families, the largest contained 50 members. In addition, 1377 sequences were not homologous to any other Arabidopsis membrane protein, as reported here, and therefore were not placed in a family, and were not homologous to proteins of known function from other species. These data, the identification of membrane proteins of unknown function, provide a starting point for functional characterization.
